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Methods for Purified AAV Vector Production 

Tutroduction 

The invention is directed to novel systems for the high level production of 
purified recombinant adeno-associated virus (rAAV) vector stocks comprising producer 
cell lines and helper adenoviruses. These systems provide high level production of 
rAAV vector stocks that are not contaminated by helper viruses or have very minimal 
contamination with helper virus. The invention is also directed to methods for the 
production of high yield, purified rAAV vector stocks usmg the systems of the invention. 

Background of the Invention 

Adeno-associated virus (AAV) is a single-stranded human DNA parvovirus 
whose genome has a size about of 4.6 kb. The AAV genome contains two major genes: 
the rep gene, which codes for the rep proteins (Rep 76, Rep 68, Rep 52 and Rep 40) and 
the cap gene, which codes for AAV structural proteins (VP-1, VP-2 and VP-3). The rep 
proteins are involved in AAV replication, rescue, transcription and integration, while the 
cap proteins form the AAV viral particle. AAV derives its name fi-om its dependence on 
an adenovirus or other helper virus (e.g., herpesvirus) to supply essential gene products 
that allow AAV to undergo a productive infection, i.e., reproduce itself in a host cell. In 
the absence of helper virus, AAV integrates as a provirus into a host cell's chromosome, 
until it is rescued by superinfection of the host cell with a helper vims, usually adenovirus 
(Muzyczka, Curr. Tpp. Micro. Immunol. 158:97-127, 1992). 

Interest in AAV as a gene transfer vector (recombinant AAV, rAAV) results firom 
several unique features of its biology. At both ends of the AAV genome is a nucleotide 
sequence known as an inverted temiinal repeat (ITR), which contains cis-acting 
nucleotide sequences required for virus repUcation, rescue, packaging and integration. 
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The integration function of the ITR, mediated by AAV rep proteins in trans, permits the 
AAV genome to integrate into a cellular chromosome after infection, in the absence of 
helper virus. This imique property of the virus has relevance to the use of rAAV in gene 
transfer, since it allows for the integration of a recombinant AAV containing a foreign 
nucleic acid (transgene) into the cellular genome. Therefore, stable genetic 
transformation, a major goal of gene transfer, may be achieved by use of rAAV vectors. 
Furthermore, the site of integration for AAV is well-estaWished and has been localized to 
chromosome 19 of humans (Kotin et al., Proc. Natl. Acad. Sci. USA 87:221 1-2215, 
1990), This predictability of integration site reduces the danger of random insertional 
events into the cellular genome that may activate or inactivate host genes or interrupt 
coding sequences, consequences that can limit the use of vectors whose integration is 
random, e.g., retroviruses. However, because the rep proteins mediate the integration of 
AAV, removal of the rep gene in the design of rAAV vectors may result in the altered 
cellular integration patterns that have been observed with rAAV vectors (Ponnazhagan et 
al.. Hum. Gene Ther. 8:275-284, 1997), 

There are additional advantages to the use of AAV for gene transfer. The host 
range of AAV is broad. Moreover, unlike retroviruses, AAV can infect both quiescent 
and dividmg cells. In addition, AAV has not been associated with human disease, 
obviating many of the concerns that have been raised with retrovirus-derived gene 
transfer vectors. 

Progress in the development of AAV as a gene transfer vector, however, has been 
limited by an inability to produce high titer rAAV stocks. Standard approaches to the 
generation of rAAV vectors have required the coordination of a series of intracellular 
events: transfection of a host cell with an rAAV vector genome containing a transgene of 
interest flanked by the AAV ITR sequences, transfection of the host cell by a plasmid 
encoding the AAV rep gene whose protein products are required in trans, and infection of 
the transfected cell with a helper virus to supply the non- AAV helper functions required 
in trans (Muzyczka, N., Curr. Top. Micro. Immunol. 158: 97-129, 1992). The adenovirus 
(or other helper virus) proteins activate transcription of the AAV rep gene, and the rep 
protein products thereof then activate transcription of the AAV cap gene. The cap 
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proteins then utilize the ITR sequences to package the rAAV genome into a virus particle. 
The efficiency of packaging is determined, in part, by the availability of adequate 
amounts of the structural proteins (VP-1, VP-2, VP-3), as well as by the accessibility of 
any cis-acting packaging sequences required in the rAAV vector genome. 
5 One of the potential limitations to high level rAAV production derives fi-om 

Umiting quantities of the AAV helper proteins (those encoded by the AAV rep and cap 
genes) required in trans for replication and packaging of the rAAV genome. Various 
approaches to increasing the levels of these proteins have included placing the AAV rep 
gene under the control of the HIV LTR promoter to increase the levels of rep proteins 

10 produced (Flotte, F.R. et al., Gene Therapy 2:29-37, 1995); the use of other 

heterologous promoters to increase production of the AAV helper proteins, specifically 
the cap proteins (Vincent et al., J. Virol. 71:1897-1905, 1997); and the development of 
cell lines containing the AAV rep gene that specifically produce the rep proteins (Y ang, 
Q. et al., J. Virol. 68: 4847-4856, 1994). 

15 Other approaches to improving the production of rAAV vectors include the use of 

helper virus induction of the AAV helper proteins (Clark et al.. Gene Therapy 3:11 24- 
1 132, 1996) and the generation of a cell line containing integrated copies of the rAAV 
vector and AAV helper genes such that infection by the helper virus initiates rAAV 
production (Clark et al, Human Gene Therapy 6:1329-1341, 1995). 

20 rAAV vectors have also been produced using either replication-defective helper 

adenoviruses which contain within their genome nucleotide sequences encoding a rAAV 
vector genome (U.S. Patent No. 5,856,152 issued January 5, 1999) or helper adenoviruses 
whose genomes contain nucleotide sequences encoding AAV helper proteins (PCT 
Intemational Publication WO95/06743, pubUshed March 9, 1995). Production strategies 

25 which combine high level expression of the AAV helper genes and the optimal choice of 
cis-acting nucleotide sequences inserted into a rAAV vector genome have been described 
(PCT Intemational Application No. WO97/09441 published March 13, 1997). 

A fiulher limitation to the production of hi^ titer, piirified rAAV stocks is that 
the requirement for the presence of a non-AAV helper virus can can lead to 

30 contamination of a vector stock preparation with helper virus. The helper virus can itself 
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replicate during rAAV production, thereby requiring further technical manipulations of a 
cell lysate in order to produce a purified stock of rAAV vectors. In addition to the 
inefficiency in such purification techniques, the contamination by helper viruses is 
ultimately undesirable for therapeutic applications of rAAV as gene transfer vectors. 

5 Current approaches to reducing contamination of rAAV vector stocks by helper viruses, 
include, inter aUa, the use of temperature-sensitive helper adenoviruses (Ensinger et al., 
J.Virol. 10:328-339, 1972), which are inactivated at the non-permissive temperature, used 
for producing rAAV stocks. Altematively, the non-AAV helper genes can be subcloned 
into DNA plasmids which are transfected into a cell during rAAV vector production 

10 (Salvetti et al, Hum. Gene Ther. 9:695-706, 1998; Grimm et al.. Hum. Gene Ther. 
9:2745-2760, 1998). 

The development of further rAAV production methods, which eliminate or reduce 
the repUcation of helper virus in the production of vector stocks and allow the generation 
of purified vector preparations, increases the feasibility of using rAAV for gene transfer. 
1 5 The present invention provides such methods. 

S^mmaly of thg Invention 

The invention is directed to novel systems for the high level production of 
purified recombinant adeno-associated virus (rAAV) vector stocks comprising producer 
cell lines and helper adenoviruses. These systems provide high level production of 
20 rAAV vector stocks that are not contaminated by helper viruses or have very de minimis 
contamination with helper virus. The invention is also directed to methods for the 
production of high levels of purified rAAV vector stocks using of flie invention. 

Brief Description of the Drawings 

Figure 1 shows a schematic diagram of plasmid pVH-16+neo. 
25 Figure 2 shows a schematic diagram of AAV helper genes for insertion into a 

producer cell line. 

Figure 3 show s schematic diagram of a hybrid adenovirus/rAAV helper 
adenovirus. 
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Figure 4 shows a schematic diagram of a hybrid adenovirus/rAAV helper 
adenovirus. 

Detailed Description of t he Invention 

The invention is directed to novel AAV vector production systems for the high 

5 level production of purified recombinant adeno-associated virus (rAAV) vector stocks 
comprising producer cell lines and helper adenoviruses. The systems of the invention 
support high level production of rAAV vectors with de minimis or no contamination by 
the helper viruses. The helper adenoviruses of the invention are characterized by an 
inability to generate a productive infection in a producer cell line. The producer cell lines 

10 of the invention are characterized by their inability to support a productive infection by 
human helper adenoviruses, a feature which enables high level production of purified 
rAAV vector stocks. 

A helper viras is any non-AAV virus which provides gene products, e.g. proteins, 
required in trans for the replication and assembly of AAV into viral particles. In the 

1 5 absence of a helper virus, an AAV genome introduced into a host cell integrates and 
remains latent until superinfection of the host cell by a helper virus, which rescues the 
AAV viral genome and initiates a productive cycle of infection. The use of any helper 
virus which provides the non-AAV gene products, e.g. proteins, required in trans for 
rAAV production, but which is incapable of productive infection in a cell line of the 

20 invention, is within the scope of the invention. In the most preferred embodiment of the 
invention, the helper virus is adenovirus, whether wild-type or recombinant. The helper 
viruses of the invention are those which do not generate a productive infection in the 
producer cell line, but which enter the producer cell by infection using an endogenous 
virus receptor or an exogenously engineered receptor on surface of the producer cell. 

25 The producer cell lines of the invention include (1) those which are not natively 

within the host range of the infecting helper virus and do not support a productive 
infection thereof, but which can be engineered to express a nucleic acid encoding a 
receptor that allows binding and entry thereto of the helper virus so that it can enter the 
cell in order to supply the gene products products, e.g. proteins, required in trans for 
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rAAV production, or (2) those which are natively susceptible to binding and entry thereto 
by a helper virus, but will not support a productive infection by such virus. 

The novel producer cell Imes of the invention under (1) above are adapted to be 
susceptible to binding and entry of a helper virus required for the production of rAAV 
vectors, but are not capable of supporting a productive infection by the helper virus. 
With either class of cell line described above (1) or (2), production of an rAAV vector 
stock occurs with de minimis or no contamination by helper virus, thereby simplifying 
the preparation of a purified vector stock. In a preferred embodiment of the invention, the 
helper virus is a human adenovirus and the producer cell Une is of non-human origin. 

Preferably, producer cell lines of the invention for rAAV production are derived 
from mouse, hamster, rat, or monkey tissues, which are not natively susceptible to 
productive infection by human adenovirases, but which are adapted to be susceptible to 
binding and entry by a human helper adenovirus. Such non-hxmian cell Unes are defined 
as "adapted" when they comprise a nucleic acid encoding a receptor for a human 
adenovirus which, upon expression, render such cells susceptible to human adenovirus 
binding and entry. However, such adaptation of the surface characteristics of the 
producer cells does not remove the barrier to productive infection by the helper 
adenovirus, which cannot replicate therein. 

In order to render cells adapted to the binding and entry of the helper virus, 
thereby creating the producer cell lines of the invention, a nucleic acid encoding a 
specific receptor for a desired helper virus, e.g. adenovirus can be stably introduced into a 
cell line lacking such a receptor. The himian adenovirus recq)tor has been characterized 
and identified as the cocksackie and adenovirus receptor (CAR). The gene (nucleic acid) 
coding for CAR has been sequenced (Bergelson et al, Science 275:1320-1323, 1997, 
incorporated herein by reference) and has been localized to human chromosome 21 (Mayr 
et al., J.Virol. 71:412-418, 1997). A non-human producer cell line which expresses the 
nucleic acid encodmg CAR may be constructed using standard techniques of molecular 
biology and is within the scope of the present invention. The successful adaptation of 
mouse A9 cells to human adenovirus-binding capability has been demonstrated by 
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providing human chromosome 21 to these cells which lack such a receptor for human 
adenovirus (Mayr et al., J.ViroL 71 :412-418, 1997). 

The human adenovirus receptor (CAR) is provided to a cell line lacking or 
deficient in such a receptor by transfection of the cells with a nucleic acid encoding the 
5 receptor or by transfection with a plasmid comprising the nucleic acid encoding the 

receptor by transfection with a large segment of human chromosome 2 1 . Such plasmid or 
nucleic acid can also comprise a nucleic acid can also encoding a selectable marker, for 
example, the hygromycin resistance gene, which allows for the selection of transfected 
cells in the presence of hygromycin B. Such plasmids, nucleic acids or chromosome 

10 segment can also be introduced into the cells by any means of nucleic acid transfer, 

including, but not limited to, transfection, lipofection, electroporation, for example, or by 
vector-mediated delivery. Alternatively, a nucleic acid encoding CAR (Bergelson et al., 
Science 275:1320-1323, 1997) can also be supplied to a cell on a bacterial artificial 
chromosome (BAC). For example, Genome Systems (St. Louis, MO) or Research 

15 Genetics (Huntsville, AL) can insert desired nucleic acids, such as the nucleic acid 

encoding CAR, into recipient cells using BACs. Where the CAR encoding nucleic acid 
is provided to a recipient cell using a BAC, the CAR gene is expressed from its own 
promoter. When a nucleic acid encoding CAR is provided as a cDNA or a defined 
genomic fragment, the phosphoglycerate kinase (PGK) promoter is preferably used to 

20 drive expression thereof (Armentano et al., Hum. Gene Ther. 6:1343-1353, 1995). 

Provision of a nucleic acid encoding a human adenovirus receptor operably linked to such 
expression control sequences to recipient cells renders such cells susceptible to binding 
and entry of a human adenovims. 

Specific cell lines which can be adapted to express a nucleic acid encoding a 

25 human adenovirus receptor (and, therefore, be susceptible to human adenovirus binding 
and entry) and used to produce an rAAV stock with minimal contamination from a helper 
human adenovirus include, inter alia, mouse A9, mouse L929, Chinese hamster ovary 
(CHO), all of which are cell lines known to those skilled in the art. 

The non- AAV helper virus that is required for rAAV vector production in the cell 

30 lines of the invention can be any non- AAV helper virus which provides expression of 
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genes encoding non-AAV viral proteins required in trans for AAV replication and 
packaging. Thehelpervirusiscapableofbindingandentering the producer cellline, but 
cannot generate a productive infection. Such helper viruses, include, but are not limited 
to, adenovirus, herpes simplex viruses I and n, vaccima, cytomegalovirus and 
5 pseudorabies virus (Bems, K., "Parvoviridae: The Viruses and Their RepHcation" in 
Virologv - Fields et al, eds., Lippincott-Raven, New York 1996). Chimeric helper 
viruses, which supply the required proteins in trans from more than one helper virus or 
more than one viral serotype, are also within the scope of the invention. A producer cell 
line of the invention which is adapted for the binding and entry of a helper virus can be 

1 0 customized according to the invention by the selection of a receptor protein which 
specifically allows the entry of the desired helper virus (e.g., adenovirus-CAR). 

Preferably, the helper virus is a human adenovirus which is used in a producer cell 
line that cannot support productive infection by such viruses. The adenovirus helper 
virus or adenoviral genes used to produce an rAAV vector stock can be derived from any 

15 adenoviral serotype, including, but not limited to, those from group C, preferably 

serotypes 2 arid 5. Adenovirus genes required for helper function include, inter alia, El A, 
ElB, E2A, E40RF6, and VA RNA (Muzycka, N., Curr.Top.Micro.ImmunoL 158:97- 
129, 1 992). The adenovirus that can be used in rAAV vector production in the cell lines 
of the invention can be any wild-type or recombinant virus which provides expression of 

20 the adenovirus genes encoding proteins required in AAV repUcatiori. Alternatively, the 

adenovirus genes encoding the proteins required for AAV replication can be provided to a 
cell line of the invention in any mutant or truncated adenovirus, or can be provided on a 
plasmid by naked DNA. 

Where the helper virus is a human adenovirus, non-human cell lines adapted as 

25 described above to bind the human adenoviruses by transfection with a nucleic acid 

encoding the appropriate receptor can be assayed for receptor function by the binding of 
radiolabelled human adenovirus, by using antibodies specific for the receptor which can 
be detected by standard signal detection, or by the ability of the transfected cells to bind 
the human adenovirus fiber protein, all of which are techniques known to those skilled in 
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the art. Such techniques are also applicable to cells which have been adapted for the 
entry of other helper viruses, such as herpes simplex, etc. 

In a preferred embodiment of the invention, an adapted producer cell line of the 
invention comprises a nucleic acid encoding the rAAV vector (and transgene), as well as 
AAV helper genes stably integrated into its genome. Upon infection of the cell line with 
a helper virus, rAAV production occurs because the rAAV genome is rescued and 
packaged, but the helper virus does not generate a productive infection. This method 
requires only the infection of the adapted producer cell line by the helper virus to generate 
an rAAV stock. 

Alternatively, the nucleic acid encoding the rAAV vector sequences may be stably 
integrated into the producer cell genome and the AAV helper genes may be exogenously 
delivered to the cell, or the AAV helper genes may be stably integrated into the producer 
cell genome and the nucleic acid encoding the rAAV vector may be delivered 
exogenously to the cell. Further embodiments of the invention include the exogenous 
delivery of either the nucleic acid encoding the rAAV vector or the AAV helper genes in 
the form of a plasmid or by first inserting the vector and/or helper genes into a helper 
virus such as a recombinant adenovirus (containing a heterologous nucleic acid 
comprising the rAAV genome) or a herpesvirus and infecting the producer cell with such 
virus. 

The invention is also directed to a novel rAAV producer system comprising a 
producer cell line derived from monkey cells and a helper human adenovirus. The helper 
virus is able to bind to and enter the producer cells but is unable to generate a productive 
infection therein, resulting in de minimis contamination of the rAAV vector stock by the 
helper virus. This system takes advantage of the finding that human adenoviruses 
undergo abortive infection in monkey cells (Anderson et al, Proc. Natl. Acad. Sci. USA 
81:4034-4027, 1984; Ross et al, J. Virol. 66:3110-3117, 1992). However, the early 
genes of the helper adenovirus are expressed, thereby providing the essential adenoviral 
proteins required for rAAV production. The poor expression of adenoviral late genes in 
cells of monkey origin depresses the yield of adenovirus progeny, as well as reducing the 
the number of adenovirus proteins in the cell lysate, thereby simpUfying the subsequent 
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purification of the rAAV vectors. Preferred monkey cell lines for this production system 
include, but are not limited to, CV-1, CV-C (Rice et al, J. Virol. 49:35-49, 1984), Vero 
andBSC-L 

Preferably, the monkey producer cell line comprises the AAV rep and cap genes 
under the control of native promoters (p5/rep and p40/cap) in order that the proteins 
encoded by these genes are directly provided by the producer cell. A schematic diagram 
of a construct containing the rep and cap genes under the control of these promoters and 
which is used to create these producer cells is shown in Figure 2. 

The invention is further directed to a novel adenovirus/rAAV hybrid vector which 
can be used to produce an rAAV vector stock. The hybrid vector supplies all essential 
adenovirus coding sequences and further contains an rAAV genome comprising a 
transgene operably linked to expression control elements and flanked by the AAV ITR 
sequences. A replication-competent embodiment of such a vector can be constructed by 
incorporating a rAAV genome into a region of the adenovirus genome which is not 
essential for replication, such as the E3 region. Where it is desirable to create a 
rephcation-defective hybrid vector, such a vector may include a rAAV genome in a 
deletion within, for example, the adenovirus El region. 

A representative adenovirus/rAAV hybrid vector of the invention is shown in 
Figure 3, from which several advantageous features of such a design may be seen. This 
vector contains various adenovirus genomic regions necessary for rAAV production, 
including El A, ElB, E2A, VA RNA and E40RF6. Other embodiments of the 
adenovirus genome are possible, e.g., the inclusion of the wild-type E4 region in the 
vector, rather than just 0RF6. The rAAV vector genome comprising a transgene 
operably linked to expression control sequences is preferably inserted into a deletion in 
the E3 region of the adenovirus genome. The advantage of the hybrid vector is that it is 
rephcation competent, and can be manufactured at commercial scale by growth on A549 
or HeLa cells, for example. Furthermore, the hybrid vector can also undergo replication 
in the monkey producer cells of the system, providing additional copies of the rAAV 
vector genome contained in the vector. Where a hybrid vector contains only E4 0RF6, 
such a vector exhibits reduced synthesis of the adenovirus fiber protein, tiiereby further 
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limiting production of yinis progeny (Armentano et al.. Hum. Gene Then 6:1343-1353, 
1995). This hybrid vector can be used to deliver a variety of rAAV genomic dessigns, 
since, in this embodiment, the adenoviras contains a deletion in its E3 region from 
nucleotides 27,971 to 30,937 into which a vector genome comprising a trangene and 

5 associated control sequences can be inserted. 

A further preferred embodiment of the invention is a producer system comprising 
a monkey cell line comprising AAV helper genes and an adenovirus/rAAV hybrid vector. 
This combination is advantageous in that it requires only the infection of the producer 
cell by the hybrid vector in order to inititate rAAV production. A further advantage of 

10 this system is that the AAV genes in the producer cell are transcriptionally silent until 
infection of the cell by the helper adenovirus which causes transactivation of the AAV 
virus promoter, leading to AAV gene expression. 

Preferably, the AAV rep and cap genes provided by pIM45 or p5rep ACMVcap 
(Vincent et al, J. Virol. 71:1897-1905, 1997) are integrated into the producer cell genome 

15 and an rAAV vector genome comprising a transgene operably linked to expression 

control sequences is cloned into the E3 region of an adenovirus genome comprising El, 
E2, aE3 and E4 or an adenovirus genome comprising El, E2, aE3 and E40RF6 
(Armentano et aL, Hum. Gene Ther. 6:1343-1353, 1995). The producer cell line is an 
adapted non-human cell line according to the invention (e.g., a rodent cell line comprising 

20 a nucleic acid encoding CAR) or can be a monkey cell line, especially CV-1 cells. 

In other aspects of the invention where monkey cell lines are used as producer cell 
lines, specific mutations can be intrduced into the human adenovirus used to create the 
hybrid adenovirus/rAAV vector such that it displays a phenotype that allows for the 
manipulation of growth efficiency of the adenovirus. For example, viruses containing 

25 mutations that confer temperature-sensitive production of the fiber protein can be used to 
produce rAAV at the restrictive temperature, such that the formation of adenovirus 
progeny is depressed, thereby leading to an enriched preparation of the rAAV vector 
stock. With the knowledge of the molecular and genetic maps of adenovirus serotypes 2 
and 5, the skilled artisan can introduce such mutations into an adenovirus/rAAV hybrid 

30 vector by standard cloning techniques, e.g. by site-directed mutagenesis. In a preferred 
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embodiment, the adenovirus usfed to create the hybrid vector is H5tel42 or is an 
adenovirus «igineered to contain a specific mutation that confers a similar phenotype 
(Chee-Sheung et al., J.Virol. 42:932-950, 1982). 

Other hybrid vectors useful in monkey cell line production systems include, inter 
alia, a hybrid adenovirus/rAAV vector which is derived from adenoviral mutant Adte400 
containing a mutation in the adenovirus DNA binding protein that restricts the formation 
of virus progeny at the nonpermissive temperature in CV-1 or HeLa cells (Rice et al., J. 
Virol. 49:35-49, 1984). Other temperature-sensitive adenovirus mutants which depress 
viral yield useful in the present invention include, inter alia, a ts mutation in the fiber 
gene of adenovirus 5 (Chee-Sheung et al., J. Virol. 42:932-950, 1982; ts mutations in a 
non-structural protein, plOO, witti the phenotype of reduced capsid assembly (Carstens et 
al., J. Gen. Virol. 37:453-474, 1997; Oosterom-Dragon et al., J. Virol. 40:491-500, 1981) 
and ts mutations in the IHa gene of adaiovirus 2, with the phenotype of defective late 
gene expression and detective virus packaging (Chroboczek et al., Geiie 49:157-160, 
1986). Where the hybrid vector is created from an adenovirus having a temperature- 
sensitive mutation, the entire rAAV production process is carried out at a nonpermissive 
temperature of 39.5 "C. 

The nucleic acid comprising the rAAV vector genome used in the production of 
rAAV vectors preferably contain the cis-acting invented terminal repeat elements (ITRs) 
and one or more nucleic acids of interest (transgenes) operably Unked to expression 
control sequences. Such expression control sequence include promoters, enhancers, and 
polyadenylation elements. Viral or non-viral promoters can be operably linked to a 
transgene in a rAAV vector, including the CMV promoter or fimctional variants thereof, 
or a PGK promoter, or any other promoters known to be useful for the expression of a 
transgene. The expression control sequences may result in cell or tissue-specific 
expression or may be inducible by exogenous agents or stimuli, e.g., RU 486 or other 
small molecules capable of inducing gene expression. 

The rAAV vectors comprise a transgene. A transgene is identified as a nucleic 
acid which is exogenously provided to a cell by any method of gene transfer. Transgenes 
which can be delivered and expressed fix)m an rAAV vector of the invention include, but 
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are not limited to, those encoding enzymes, blood derivatives, hormones, lymphokines 
such as the interleukins and interferons, coagulants, growth factors, neurotransmitters, 
tumor suppressors, apoliproteins, antigens, and antibodies, and other biologically active 
proteins. Specific transgenes which may be encoded by the rAAV vectors include, but 
are not limited to, nucleic acids coding for cystic fibrosis transmembrane conductance 
regulator (CFTR), erythropoietin (EPO), P-glucocerebrosidase, a-galactosidase, tumor 
necrosis factor, p53, p21, factor VIII, factor IX, herpes simplex thymidine kinase and 
gancyclovir, retinoblastoma (Rb), and adenosine deanunase (ADA). Transgenes 
encoding antisense molecules or ribozymes are also within the scope of the invention. 
The rAAV vectors so constructed can be used for gene transfer of a transgene because 
they are capable of entering target cells, integrating their nucleic acids into the target cell 
genome, and stably expressing the transgene in such cells. 

In a preferred embodiment of the invention where the nucleic acid of a rAAV 
vector is stably integrated into a cell line of the invention, such integration can be 
accomplished following the introduction of such sequences on a plasmid by, for example, 
transfection, lipofection or electroporation. Use of a plasmid containing a rAAV genome 
and a nucleic acid encoding a selectable marker allows for the identification of cells with 
stable integration of the rAAV genome. With adequate provision of AAV helper proteins 
and upon infection by a helper vims, such nucleic acid can be rescued firom the cellular 
genome for replication and packaging into rAAV vector particles. 

In one embodiment of the invention, the plasmid used to deliver an rAAV vector 
genome (t transgene) into a cell line for stable integration therein is pNTCSCMVpgal, a 
plasniid constructed by standard recombinant techniques in which a marker transgene 
(lacZ encodng p-galactosidase) operably linked to a CMV promoter is flanked by AAV 
ITR sequences. This plasmid allows for quantitation of vector production in a cell line of 
the invention by hybridization to complementary nucleotide sequences in the rAAV 
vector genome or by detection of the produced marker protein (P-galactosidase) using X- 
gal staining. 

In addition to the rAAV vector nucleic acid provided to a producer cell line of the 
invention by exogenous delivery or by stable integration therein, production of rAAV 
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vectors requires the provision of AAV helper proteins that are required in trans for vector 
production. The AAV rep and cap genes can be supplied to a producer cell line in a 
plasmid or in a non-AAV helper virus. Helper plasmids contain the AAV rep and cap 
genes, operably linked to one or more regulatory elements which allow expression from 
the genes to generate the rep and cap proteins required for the production of rAAV 
vectors. The AAV genes can be expressed from their native viral promoters, or can be 
operably linked to heterologous promoters which increase expression, including, but not 
limited to, the CMV promoter or functional variants thereof. The rep and cap genes can 
be expressed from separate regulatory elements which allow for selective optimization of 
the required levels of expression of the proteins. Where the rep gene is under the control 
of its native promoter, stable integration of this gene into a producer cell line reduces 
potential cytoxicity from constitutive production of the rep protein because the p5 
promoter requires the adenovirus El A protein for tranactivation, and this will occur only 
upon infection by the helper adenovirus in the initiation of a cycle of rAAV vector 
production. 

Where AAV helper genes and their operably linked regulatory elements are stably 
integrated into a cell line of the invention, such integration of the AAV helper genes can 
be accomplished by introduction of a plasmid comprising such genes into a cell line of 
the invention, using transfection or other niethods of nucleic acid transfer known to those 
skilled in the art. The AAV helper plasmid preferably contains a selectable marker or 
reporter gene, which, upon expression, allows for identification of cells which contain the 
helper genes integrated into the genome of the producer cell line. Helper plasmids used 
for the creation of producer cell lines with stably integrated AAV helper genes are first be 
tested for their ability to support rAAV production in transient transfection experiments. 

A stable cell line for rAAV vector production has numerous advantages over the 
transient transfection method. First, the transfection methods are difficult to scale up to 
the amounts required for commercial manufacturing of rAAV vectors. Second, rodent 
and monkey cell lines, when used to produce rAAV vectors, have a low transfection 
efficiency. Thus, the ratio of rAAV vector to helper adenovirus using stable cell lines is 
far greater than that obtained in the transient method. 
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Preferred AAV helper plasmids which are used in any producer cell line of the 
invention to provide the AAV helper proteins include, inter alia, pIM45 (McCarty, D.M. 
et al., J.Virol. 65:2936-2945, 1991), containing the AAV rep and cap genes under control 
of the native p5 and p40 promoters, and pSrepACMVcap (in Vincent et al., J. Virol. 
71:1 897-1905, 1997). Preferably, pSrepACMVcap is used to establish the producer cell 
line. In plasmid pSrepACMVcap, the rep gene is under the control of the native p5 
promoter, while the cap gene is operably linked to the cytomegalovirus (CMV) promoter 
for high level expression of the structural proteins. 

Where a rAAV vector genome and AAV helper genes are provided together on 
one plasmid to a producer cell line, the plasmid is constructed to contain at least the 
minimal sequences for the rAAV vector (ITRs flanking a transgene of interest) and for 
the AAV helper (rep and cap genes under the control of desired regulatory elements), and 
further contains a selectable marker which allows the identification of stably transfected 
cells. An example of such a plasmid, pVH-16+neo (Figure 1) is used to transfect a 
producer cell hne. The pVH-16+neo plasmid contains a CMV-lacZ expression cassette 
flanked by the AAV inverted temiinal repeats (the rAAV vector), and the AAV helper 
genes, including the cap gene operably linked to a CMV promoter and the rep gene 
operably linked to the p5 promoter. It further comprises the neomycin (neo) resistance 
gene operably linked to the SV40 promoter. The producer cell line is adapted to allow 
the binding and entry of a non-AAV helper virus, (e.g., human adenovirus), which cannot 
generate a productive infection, but which provides the helper proteins required in trans. 
Alternatively, the producer cell line is natively susceptible to entry by such helper virus, 
but cannot support a productive infection. Upon stable integration of the rAAV vector 
and AAV helper genes, carried by using pVH-16+neo into the producer cell genome, the 
producer cell line simply requires infection by the non-AAV helper virus in order for 
rAAV production to occur. The advantage of this production system is that it only 
requires infection by helper adenovirus to initiate rAAV production. 

The invention is also directed to methods for the production of rAAV vectors 
using the producer cell lines of the invention. In one preferred method, a producer cell 
line comprises and expresses a nucleic acid encoding a receptor for a non-AAV helper 
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virus, e.g. adenovirus, which can bind to and enter the cells but cannot generate a 
productive infection. The producer cell line also comprises a rAAV vector genome and 
AAV helper genes stably integrated into its genome. Production of rAAV vectors 
requires, therefore, only the infection of the producer cell line with the helper virus. 

5 Upon such infection, the rAAV vector genome is excised, replicated and encapsidated 

into viral particles which can be used in gene transfer. Preferably, such producer cells are 
infected with a non-AAV helper virus at a multipUcity of infection (MOI) from 5 to 100. 

Recovery of rAAV vectors is performed using cell lysates derived from the 
producer cells of the invention. The lysate can be fractionated using standard density 

10 gradient centrifugation, e.g., a CsCl gradient. Such gradient purification removes any 
contaminating non-AAV helper virus. Alternatively, any non-AAV helper virus can be 
removed by heat inactivation of the cell lysate. However, the producer cell hnes, helper 
viruses, and methods of the invention result in the production of rAAV vector stocks that 
are essentially free of non-AAV helper virus. 

15 Altematively, rAAV purification can be perforaied using chromatographic 

techniques, as set forth in PCT Publication No. WO97/08298, incorporated herein by 
ref^ence. 

Quantitation of rAAV vectors using the cell lines and methods of the invention 
can be measured by detennmation of virus yield. To determine virus yield, a standard 

20 AAV infectious center assay can be used to assay for production of infectious progeny. 
The vector sample to be tested is used to infect 293 cells, for example, that are also 
infected with helper adenovirus and wild-type helper AAV. Following a period of 
incubation to allow for vector replication, the cells are recovered and lysed on filters, then 
hybridized to a nucleic acid that is known to hybridize to vector DNA. Positive 

25 hybridization identifies an infectious center. The titer of the starting material is 

determined by multiplying the number of infectious centers by any dilution used in the 
preparation of test samples. Where the rAAV vector in production contains a reporter 
gene as the transgene, alternative methods for deteraiining the rAAV vector titer can be 
used. For example, if the lacZ transgene is used, the infected cells can be stained for tiie 

30 production of the gene product, B-galactosidase, using X-gal staining. Titer is 
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determined, for example, by counting the blue-stained cells in a plate well. Other 
methods for determining rAAV vector production include electron microscopy of 
samples for viable capsids or immunofluorescence of infected cells using monoclonal 
antibodies against the AAV capsid proteins. 

The titer of any contaminating helper viras can be obtained by an assay 
appropriate to the source of the helper vims; e.g., where adenovirus is used as a helper 
vims, any contamination can be quantitated by standard techniques, such as plaque 
formation in 293 or HeLa cells. 

The producer cell lines, helper adenoviruses and metiiods of the invention 
generate rAAV vector stocks that are essentially free of non-AAV helper viras; 
preferably, such helper virases are detected at less than one helper virus per 10^° rAAV 
vector particles. The reagents and methods of the invention have utility for the 
production of purified stocks of rAAV vectors which can be used for gene transfer in a 
wide variety of applications. 

The practice of the invention employs, unless otherwise indicated, conventional 
techniques of protein chemistry, molecular virology, microbiology, recombinant DNA 
technology, and pharmacology, which are within the skill of the art. Such techniques are 
explained fiiUy in the literature. See e g.. rurrent Protocols in Molecular Biology, 
Ausubel et al, eds., John Wiley & Sons, Inc., New York, 1 995, and Remington's 
Pharmaceutical Sciences, 17th ed., Mack PubUshing Co., Easton, PA, 1985. 

The invention is further illustrated by the following specific examples which are 
not intended in any way to limit the scope of the invention. 

EXAMPLE 1 : Transient transfection packaging of AAV in rodent cells expressing a 
nucleic acid encoding CAR 

To confirm the activity of the helper plasmid constructs to be used in constmcting 
stable cell lines, a transient transfection packaging experiment was carried out on 293 
cells (a positive control), mouse A9-T14 cells (single copy of CAR gene), mouse A9- 
2498.1 and A9-2498.6 cells (each with multiple copies of a BAG clone encoding the 
CAR gene), and mouse A9-MamlR+ or A9-Mam2R+ cells (lacking the CAR gene). The 
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AAV vector plasmid was pNTC3CMVpgal (1 .5ug/10^ cells), the AAV helper plasmid 
was pSrepACMVcap (15 ug/10^ cells) and wild-type helper adenovirus was used at 5.6 
IU/10^ cells. The cells are infected with adenovirus one hour before transfection of the 
plasmids by calcium-phosphate-mediated transfection, which is applied to the cells for an 
additional 4 hours. 

The transfected/infected cells were incubated for 2 days at 37 °C. After 
incubation, the cells were harvested and then lysed by three (3) freezing and thawing 
cycles in the presence of benzonase (American International Chemical). 1% deoxycholate 
and 0.25% trypsin was then added to the lysate, followed by incubation for 30 min at 
37 °C. The cell lysate (2 roller bottles/gradient) was then applied to a CsCl step gradient 
(L5g/ml-l .36 g/ml) in a SW28 rotor and centrifiiged at 26K for 6 hours at 4°C. Fractions 
were obtained and then further purified on two equilibrium gradients, using a NVT65 
rotor, and centrifiiged at 60K for 20 hours at 4°C. Fractions from the equilibrium 
gradients were screened on a refractometer and pooled. Pooled fractions were dialyzed in 
PBS with 1% sucrose 3 times for 2 hours at 4°C. 

The efficiency of a helper plasmid as a source of proteins required in trans was 
determined &om the yield of AAV vector stock. To determine virus yield, an AAV 
infectious center assay was used, which shows whether infectious AAV progeny are 
produced in the production protocol. The recombinant AAV vectors were recovered after 
production using the purification protocol described above. 

The assay was performed with 293 cells that were plated on day one at a density of 
1x10^ cells per well in 0.1 ml/well in DME medium supplemented with 10% FBS, 
penicillin/streptomycin, and glutamine. After about 24 hours, the cells were infected with 
adenovirus at an MOI of 20 and with wild-type AAV at an MOI of 2. The virases were 
suspended in the same medium and 0. 1 ml was added to each well to initiate infection. 
The AAV vector samples were added to the well (25-100 microliters of lysate or 
dilutions) and the plates were incubated for 24-30 hours at 37 °C. On the day after 
infection, the medium was carefiiUy removed from the cells. Cells were then fixed and 
subjected to X-gal straining and the number of blue cells were recorded. 
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The results shown in Table 1 demonstrate that mouse cells expressing a nucleic 
acid encoding CAR function as an efficient producer cell for rAAV vector when provided 
with the appropriate AAV and adenovirus helper functions. Importantly, from the A9- 
2498. 1 and A9-2498.6 cells, the ratio of AAV vector yield to contaminating Ad virus 
yield was 280, while in 293 cells the ratio was ^proximately 0.03. This increase in the 
ratio of AAV vector to adenovirus greatly simplifies the subsequent purification of AAV 
vector from contaminating adenovirus. 
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TABLE 1 

Ad titer 


Cell line lilSE 

(+) control 3.4xl0"» 

5 T14 (single copy of CAR) 5.3 x 10* 

2498.1 (BAG clone of CAR-multiple copies) 5.6x10* 

2498.6 (BAC clone of CAR-multiple copies) 7.9 x 10* 

MamlR+ (empty vector) 3.1x10* 

Mam2R+(empty vector) 3.8 x 10* 

10 AAV Titer 

CslUiae Ito 

(+) control 1.0x10' 

T14 3.1x10' 

2498.1 2.7 X 10* 

15 2498.6 1.1x10* 

MamlR+ 3.0x10* 

Mani2R+ 2.8 x 10* 


EXAMPLE 2: Establishmentof stable rAAV producer cell lines 

To make a stable rodent cell line for rAAV production, the plasmids pIM45/neo or 
20 p5repdeltaCMVcap/neo which provide AAV helper fimctions and a selectable marker for 
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clone selection are introduced into A9-2498.1 and A9-2498.6 cells. Cells are plated out at 
2.5 X 10^ cell per 10 cm dish. The next day the plasmid construct is introduced into cells 
using calcium-phosphate-mediated transfection. The following day, each dish is split into 
5 10-cm dishes and on the subsequent day, selective media containing G418 (between 100 

5 to 500 ^g/ml) is applied. Clones appear from 1 0 to 14 days later, when they are picked 
into 96 well dishes and allowed to grow to near confluency. 

Cells are spUt into a 96 well plate for maintaining the clones and another 96 well 
plate for screening for rAAV production. For screening, the cells are transfected with 
pNTC3CMVpgal and infected with adenovirus at an MOI of 20. 48 hours later the plate 

10 is freeze-thawed 4 times to release rAAV vectors. Productionof rAAV vector is 
measured by determining the titer of the lysate as described above in Example 1. 

EXAMPLES. A replication-defective Ad/AAV hybrid for AAV manufacturing. 

Using standard molecular methods, the rAAV vector genome is inserted into the 

15 El region of Ad2, between nucleotide positions 358 and 3328. To ensure adequate space 
for the ArAV genome, the E4 region of the vector is modified by deletion of all E4 
sequKices (deletion between nucleotides 32802195 to 35577) and insertion of the 0RF6 
coding sequence (nucleotides 33 195 to 34077) (Armentano et al 1995, Human Gene 
Therapy, vol 6, 1 343- 1 353). The Ad/rAAV vector is otherwise wild-type in sequence. 

20 The AAV vector genome consists of the AAV left and right ITRs (145 to 173 base pairs 
in length), the CMV promoter operably linked to the transgene (e.g., E. coU beta- 
galactosidase for reporter applications, EPO transgene) (Figure 3). Packaging of rAAV 
vectors is accomplished by infection of the stable producer cell line of Example 2 with the 
rephcation-defective Ad/ AAV hybrid and a wild-type Ad virus (to provide El functions). 

25 Between 48 and 96 hours post infection, cells are lysed to release packaged AAV vector 
and purified away from contaminating products such as the small amounts of Ad virus 
produced and cellular proteins. 


wo 99/41399 


.22- 


PCT/US99/03482 


EXAMPLE 4. Constructionofareplication-competent Ad/AAV hybrid for AAV 
manufacturing 

Using standard molecular methods, the AAV vector genome is inserted into the E3 
region of Ad2, between nucleotide positions 27,971 and 30,937. To ensure adequate 
space for the AAV genome, the E4 region of the vector is modified by deletion of all E4 
sequences (deletion between nucleotides 32802 and 35577) and insertion of the 0RF6 
coding sequence (nucleotides 33195 to 34077) (Annentano et al 1995, Human Gene 
Therapy, vol 6, 1343-1353). The Ad/AAV vector is otherwise wild-type in sequence. 
The AAV vector genome consists of the AAV left and right ITRs (145 to 173 base pairs 
in length), the CMV promoter operably linked to the transgene (e.g., E. coli beta- 
galactosidase for reporter apphcations, EPO transgene) (Figure 4). Packaging of AAV 
vector is accomplished by infection of the stable producer cell line of Example 2 with the 
replication-competent Ad/AAV hybrid. Between 48 and 96 hours post infection, cells are 
lysed to release packaged AAV vector and purified away from contaminating products 
such as the small amounts of Ad virus produced and cellular proteins. 
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Claims 

1 1. A system for high level production of recombinant admo-associated^^ 

2 vectors comprising a producer cell line and a helper adenovirus wherein the 

3 adenovirus is unable to generate a productive infection in the producer cell line. 

1 2. A non-human producer cell line for recombinant AAV (rAAV) vector production 

2 comprising a stably integrated nucleic acid encoding a receptor for a helper human 

3 adenoviras, wherein the adenoviras is unable to generate a productive infection in 

4 the producer cell line. 

1 3 . The cell line of Claim 2, in which the nucleic acid encodes a cocksackie and 

2 adenovirus receptor (CAR). 

1 4. The cell line of Claim 2, further comprising a nucleic acid which encodes AAV 

2 rep and cap proteins operably linked to expression control elements. 

1 5. The cell line of Claim 4, further comprising an rAAV vector genome, wherein said 

2 AAV genome comprises AAV ITR sequences and a transgene operably Unked to 

3 expression control sequences. 

1 6. A method for rAAV production, comprising infecting a non-human producer cell 

2 line comprising a nucleic acid encoding CAR and further comprising a nucleic 

3 acid encoding AAV rep and cap proteins and an rAAV vector genome, wherein 

4 said AAV genome comprises AAV ITR sequences and a transgene operably 

5 linked to expression control sequences, with a helper human adenoviras that is 

6 unable to generate a productive infection in the producer cell line, and isolating the 

7 rAAV vectors produced in said cell line. 

1 7. A method for rAAV production, comprising; 
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1 a) infecting a non-human producer cell line comprising a nucleic acid encoding 

2 CAR and fiuther comprising a nucleic acid encoding AAV rep and cap proteins with a 

3 helper human adenovirus that is unable to produce a productive infection in the producer 

4 cell line; 

5 b) transfecting said cell line with a nucleic acid comprising an rAAV genome 

6 wherein said AAV genome comprises AAV ITR sequences and a transgene operably 

7 linked to expression control sequences, and; 

8 c) isolating the rAAV vectors produced in said cell line. 

1 8. A monkey cell line according to Claim 2, further comprising a nucleic acid 

2 encoding the AAV rep and cap proteins operably linked to expression control 

3 sequences. 

1 9. The producer cell line of Claim 8, which is derived from CV-1 cells. 

1 10. The producer cell line of Claim 8, further comprising an rAAV genome, wherem 

2 said AAV genome comprises AAV ITR sequences and a transgene operably 

3 Unked to expression control sequences. 

1 11. A method for rAAV vector production comprising; 

2 a) infecting a monkey cell line comprising a stably integrated nucleic acid 

3 encoding a receptor for human adraovims with a helper human adenovirus that is unable 

4 to produce a productive infection in the cell line; 

5 b) transfecting said cell line with an rAAV genome, wherein said AAV 

6 genome comprises AAV ITR sequences and a transgene operably linked to expression 

7 control sequences; 

8 c) further transfecting said cell line with a nucleic acid encoding AAV rep 

9 and cap proteins; and 

10 d) isolating the rAAV vectors produced in said cell. 
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1 12. A method for rAAV vector production, comprising; 

2 a) infecting CV- 1 cells comprising a stably integrated nucleic acid encoding a 

3 receptor for human adenovirus with a helper human adenovirus that is unable to produce a 

4 productive ifection in the cell Une; 

5 b) transfecting said cells with an rAAV genome, wherein said AAV genome 

6 comprises AAV ITR sequences and a transgene operably linked to expression control 

7 sequences; 

8 c) further transfecting said cell line with a nucleic acid encoding AAV rep 

9 and cap proteins; and 

10 d) isolating the rAAV vectors produced in said cells. 

1 13. A method for rAAV vector production, comprising; 

2 a) infecting a monkey cell line comprising a stably integrated nucleic acid 

3 encoding a receptor for human adenovirus with a helper human adenovirus that is unable 

4 to produce a productive infection in the cell line and a stably integrated rAAV genome, 

5 wherein said AAV genome comprises AAV ITR sequences and a transgene operably 

6 linked to expression control sequences; 

7 b) transfecting said cell line with a nucleic acid encoding AAV rep and cap 

8 proteins; and 

9 c) isolating the rAAV vectors produced in said cell line. 

1 14. The method of Claim 1 1, m which tiie helper adenovirus is a temperature-sensitive 

2 mutant adenoviras. 

1 15. The method of Claim 12, in which the helper adenovirus is a temperature-sensitive 

2 mutant adenovirus. 

1 16. The method of Claim 13, in which the helper adenovirus is a temperature-sensitive 

2 mutant adenovirus. 


wo 99/41399 


PCT/US99/03482 


-26- 


1 17. A helper human adenoviras comprising an adenovirus genome having a deletion 

2 in the E3 region thereof and additionally comprising an rAAV vector genome, 

3 whereinsaid AAV genome comprises AAV ITR sequences and a transgene 

4 operably linked to expression control sequences, inserted into said E3 deletion in 

5 the adenovirus genome. 

1 18. The helper adenovuiis of Claim 17, in which the adenovirus is a temperature- 

2 sensitive mutant adenovirus. 

1 19. A method for rAAV production comprising; 

2 a) infecting a monkey cell line comprising a nucleic acid encoding AAV rep 

3 and cap proteins and operably linked expression control elements with a helper 

4 adenovirus comprising an adenovirus genome having a deletion in the E3 region thereof 

5 and additionally comprising an rAAV vector genome inserted into said E3 deletion in the 

6 adenovirus genome, wherein said AAV genome comprises AAV ITR sequences and a 

7 transgene operably linked to expression control sequences; and 

8 b) isolating the rAAV vectors produced in said cell line. 

1 20. The metiiod according to Claim 19, wherein the helper adenovirus is a 
teirqjerature-sensitive mutant adenovirus. 
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Methods for Pu rififtH AAV Vector Production 


TntrQdwtion 

The invention is directed to novel systems for the high level production of 
purified recombinant adeno-associated virus (rAAV) vector stocks comprising producer 
cell lines and helper adenoviruses. These systems provide high level production of 
rAAV vector stocks that are not contaminated by helper viruses or have very minimal 
contamination with helper virus. The invention is also directed to methods for the 
production of high yield, purified rAAV vector stocks using the systems of the invention. 

Rackpround pf the Tnvention 

Adeno-associated virus (AAV) is a single-stranded human DNA parvovirus 
whose genome has a size about of 4.6 kb. The AAV genome contains two major genes: 
the rep gene, which codes for the lep proteins (Rep 76, Rep 68, Rep 52 and Rep 40) and 
the cap gene, which codes for AAV structural proteins (VP-1, VP-2 and VP-3). The rep 
proteins are involved in AAV replication, rescue, transcription and integration, while the 
cap proteins form the AAV viral particle. AAV derives its name from its dependence on 
an adenovirus or other helper virus (e.g., herpesvirus) to supply essential gene products 
that allow AAV to undergo a productive infection, i.e., reproduce itself in a host cell. In 
the absence of helper virus, AAV integrates as a provirus into a host cell's chromosome, 
until it is rescued by superinfection of the host cell with a helper virus, usually adenovirus 
(Muzyczka, Curr. Top. Micro. Immunol. 158:97-127, 1992). 

Interest in AAV as a gene transfer vector (recombinant AAV, rAAV) results from 
several unique features of its biology. At both ends of the AAV genome is a nucleotide 
sequence known as an inverted terminal repeat (TTR), which contains cis-acting 
nucleotide sequences required for virus replication, rescue, packaging and integration. 
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The integration function of the ITR, mediated by AAV rep proteins in trans, permits the 
AAV genome to integrate into a cellular chromosome after infection, in the absence of 
helper virus. This unique property of the virus has relevance to the use of rAAV in gene 
transfer, since it allows for the integration of a recombinant AAV containing a foreign 
nucleic acid (transgene) into the cellular genome. Therefore, stable genetic 
transformation, a major goal of gene transfer, may be achieved by use of rAAV vectors. 
Furthermore, the site of integration for AAV is well-estabUshed and has been localized to 
chromosome 19 of humans (Kotin et al., Proc. Natl. Acad. Sci. USA 87:221 1-2215, 
1990). This predictabiUty of integration site reduces the danger of random insertional 
events into the cellular genome that may activate or inactivate host genes or interrupt 
coding sequences, consequences that can Umit the use of vectors whose integration is 
random, e.g., retroviruses. However, because the rep proteins mediate the integration of 
AAV, removal of the rep gene in the design of rAAV vectors may result in the altered 
cellular integration patterns that have been observed with rAAV vectors (Ponnazhagan et 
al., Hum. Gene Ther. 8:275-284, 1997). 

There are additional advantages to the use of AAV for gene transfer. The host . 
range of AAV is broad. Moreover, unlike retroviruses, AAV can infect both quiescent 
and dividing cells. In addition, AAV has not been associated with human disease, 
obviating many of the concerns that have been raised with retrovirus-derived gene 
transfer vectors. 

Progress in the development of AAV as a gene transfer vector, however, has been 
limited by an inability to produce high titer rAAV stocks. Standard approaches to the 
generation of rAAV vectors have required the coordination of a series of intracellular 
events: transfection of a host ceU with an rAAV vector genome containing a transgene of 
interest flanked by the AAV TTR sequences, transfection of the host ceU by a plasmid 
encoding the AAV rep gene whose protein products are required in trans, and infection of 
the transfected cell with a helper virus to supply the non-AAV helper functions required 
in trans (Muzyczka, N., Curr. Top. Micro. Immunol. 158: 97-129, 1992). The adenovirus 
(or other helper virus) proteins activate transcription of the AAV rep gene, and tiie rep 
protein products thereof then activate transcription of the AAV cap gene. The cap 
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proteins then utilize the ITR sequences to package the rAAV genome into a virus particle. 
The efficiency of packaging is determined, in part, by the availability of adequate 
amounts of the structural proteins (VP-1, VP-2, VP-3), as well as by the accessibility of 
any cis-acting packaging sequences required in the rAAV vector genome. 

One of the potential limitations to high level rAAV production derives from 
limiting quantities of the AAV helper proteins (those encoded by the AAV rep and cap 
genes) required in trans for replication and packagmg of the rAAV genome. Various 
approaches to increasing the levels of these proteins have included placing the AAV rep 
gene under the control of the HIV LTR promoter to increase the levels of rep proteins 
produced (Flotte, F.R. et al.. Gene Therapy 2:29-37, 1995); the use of other 
heterologous promoters to increase production of the AAV helper proteins, specifically 
the cap proteins (Vincent et al., J. Virol. 71:1897-1905, 1997); and the development of 
cell lines containing the AAV rep gene that specifically produce the rep proteins (Yang, 
Q. et al., J. Virol. 68: 4847-4856, 1994). 

Other q)proaches to improving the production of rAAV vectors include the use of 
helper virus induction of the AAV helper proteins (Clark et al., Gene Therapy 3:1 124- 
11 32, 1996) and the generation of a cell line containing integrated copies of the rAAV 
vector and AAV helper genes such that infection by the helper virus initiates rAAV 
production (Clark et al.. Human Gene Therapy 6:1329-1341, 1995). 

rAAV vectors have also been produced using either replication-defective helper 
adenoviruses which contain within their genome nucleotide sequences encoding a rAAV 
vector genome (U.S. Patent No. 5,856,152 issued January 5, 1999) or helper adenoviruses 
whose genomes contain nucleotide sequences encoding AAV helper proteins (PCT 
International Publication WO95/06743, published March 9, 1995). Production strategies 
which combine high level expression of the AAV helper genes and the optimal choice of 
cis-acting nucleotide sequences inserted into a rAAV vector genome have been described 
(PCT International AppUcation No. WO97/09441 published March 13, 1997). 

A fiulher limitation to the production of high titer, purified rAAV stocks is that 
the requirement for the presence of a non-AAV helper virus can can lead to 
contamination of a vector stock preparation with helper virus. The helper virus can itself 
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repUcate during rAAV production, thereby requiring further technical manipulations of a 
cell lysate in order to produce a purified stock of rAAV vectors. In addition to the 
inefficiency in such purification techniques, the contamination by helper viruses is 
ultimately undesirable for therapeutic applications of rAAV as gene transfer vectors. 
Current approaches to reducing contamination of rAAV vector stocks by helper viruses, 
include, inter alia, the use of temperature-sensitive helper adenoviruses (Ensinger et al., 
J.Virol. 10:328-339, 1972), which are mactivated at the non-permissive temperature, used 
for producing rAAV stocks. Alternatively, the non-AAV helper genes can be subcloned 
into DNA plasmids which are transfected into a cell during rAAV vector production 
(Salvetti et al.. Hum. Gaie Ther. 9:695-706, 1998; Grimm et aL, Hum. Gene Ther. 
9:2745-2760, 1998). 

The development of further rAAV production methods, which eliminate or reduce 
the replication of helper virus in the production of vector stocks and allow the generation 
of purified vector preparations, increases the feasibility of using rAAV for gene transfer. 
The present mvention provides such methods. 

<^iimmarv o f the Tnvention 

The invention is directed to novel systems for the high level production of 
purified recombinant adeno-associated virus (rAAV) vector stocks comprising producer 
ceU Unes and helper adenoviruses. These systems provide high level production of 
rAAV vector stocks that are not contaminated by helper viruses or have very de minimis 
contamination with helper virus. The invention is also directed to methods for the 
production of high levels of purified rAAV vector stocks using of the invention. 

Brief Descrip tinn 0^ Drawings 

Figure 1 shows a schematic diagram of plasmid pVH-16+neo. 

Figure 2 shows a schematic diagram of AAV helper genes for insertion into a 

producer cell line. 

Figure 3 show s schematic diagram of a hybrid adenovims/rAAV helper 

adenovirus. 
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Figure 4 shows a schematic diagram of a hybrid adenovirus/rAAV helper 
adenovirus. 

Detailed Des^ "ptir>n of the Tnvention 

The invention is directed to novel AAV vector production systems for the high 
level production of purified recombinant adeno-associated virus (rAAV) vector stocks 
comprising producer cell Unes and helper adenoviruses. The systems of the invention 
support high level production of rAAV vectors with de minimis or no contamination by 
the helper viruses. The helper adenoviruses ofthe invention ate characterized by an . 

inability to generate a productive infection in a producer cell line. The producer cell lines 
ofthe invention are characterized by their inability to support a productive infection by 
human helper adenoviruses, a feature which enables high level production of purified 

rAAV vector stocks. 

A helper virus is any non-AAV virus which provides gene products, e.g. proteins, 
required in trans for the replication and assembly of AAV into viral particles. In the 
absence of a helper virus, an AAV genome introduced into a host cell integrates and 
remains latent until superinfection of the host cell by a helper virus, which rescues the 
AAV viral genome and initiates a productive cycle of infection. The use of any helper 
virus which provides the non-AAV gene products, e.g. proteins, required in trans for 
rAAV production, but which is incapable of productive infection in a cell line ofthe 
invention, is within the scope ofthe invention. In the most preferred embodiment ofthe 
invention, the helper virus is adaiovirus, whether wild-type or recombinant. The helper 
viruses ofthe invention are those which do not generate aproductive infection in the 
producer cell line, but which enter the producer cell by infection using an endogenous 
virus receptor or an exogenously engmeered receptor on surface ofthe producer cell. 

The producer ceU lines ofthe invention include (1) those which are not natively 
within the host range ofthe infecting helper virus and do not support a productive 
infection thereof, but which can be engineered to express a nucleic acid encoding a 
receptor that allows binding and entry thereto ofthe helper virus so that it can enter the 
cell in Older to supply the gene products products, e.g. proteins, required in trans for 
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rAAV production, or (2) those which are natively susceptible to binding and entry thereto 
by a helper virus, but will not support a productive infection by such virus. 

The novel producer cell lines of the invention under (1) above are adapted to be 
susceptible to binding and entiy of a helper virus required for tiie production of rAAV 
vectors, but are not capable of supporting a productive infection by the helper virus. 
With either class of cell line described above (1) or (2), production of an rAAV vector 
stock occurs with de minimis or no contamination by helper virus, thereby simplifying 
the preparation of a purified vector stock. In a preferred embodiment of the invention, the 
helper virus is a human adenovirus and the producer cell line is of non-human origin. 

Preferably, producer cell Unes of the invention for rAAV production are derived 
from mouse, hamster, rat, or monkey tissues, which are not natively susceptible to 
productive infection by human adenoviruses, but which are ad^ted to be susceptible to 
binding and entry by a human helper adenovirus. Such non-human cell lines are defined 
as "adapted" when they comprise a nucleic acid encoding a receptor for a human 
adenovirus which, upon expression, render such cells susceptible to human adenovirus 
binding and entry. However, such adaptation of the surface characteristics of the 
producer cells does not remove the barrier to productive infection by the helper 
adenovirus, which cannot replicate therein. 

In order to render cells adapted to the bmding and entiy of the helper virus, 
thereby creating the producer cell Unes of the invention, a nucleic acid encoding a 
specific receptor for a desired helper virus, e.g. adenovirus can be stably intioduced into a 
cell line lacking such a receptor. The human adenovirus receptor has been characterized 
and identified as the cocksackie and adenovirus receptor (CAR). The gene (nucleic acid) 
coding for CAR has been sequenced (Bergelson et al., Science 275:1320-1323, 1997, 
incorporated herein by reference) and has been localized to human chromosome 21 (Mayr 
et al., J.Virol. 71:412-418, 1997). A non-human producer cell line which expresses tiie 
nucleic acid encoding CAR may be constructed using standard techniques of molecular 
biology and is witiiin the scope of the present invention. The successfiil adaptation of 
mouse A9 cells to human adenovirus-binding capability has been demonstrated by 
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providing human chromosome 21 to these cells which lack such a receptor for human 
adenovirus (Mayretal., J.Virol. 71:412-418, 1997). 

The human adenovirus receptor (CAR) is provided to a cell line lacking or 
deficient in such a receptor by transfection of the cells with a nucleic acid encoding the 
receptor or by transfection with a plasmid comprising the nucleic acid encoding the 
receptor by transfection with a large segment of human chromosome 21 . Such plasmid or 
nucleic acid can also comprise a nucleic acid can also encoding a selectable marker, for 
example, the hygromycin resistance gene, which allows for the selection of transfected 
cells in the presence of hygromycin B. Such plasmids, nucleic acids or chromosome 
segment can also be introduced into the cells by any means of nucleic acid transfer, 
including, but not limited to, transfection, lipofection, electroporation, for example, or by 
vector-mediated delivery. Alternatively, a nucleic acid encoding CAR (Bergelson et al.. 
Science 275:1320-1323, 1997) can also be supplied to a cell on a bacterial artificial 
chromosome (BAG). For example, Genome Systems (St. Louis, MO) or Research 
Genetics (Huntsville, AL) can insert desired nucleic acids, such as the nucleic acid 
encoding CAR, into recipient cells using BACs. Where the CAR encoding nucleic acid 
is provided to a recipient cell using a BAC, the CAR gene is expressed fi:om its own 
promoter. When a nucleic acid encoding CAR is provided as a cDNA or a defined 
genomic fragment, the phosphoglycerate kinase (PGK) promoter is preferably used to 
drive expression thereof (Armentano et al.. Hum. Gene Ther. 6:1343-1353, 1995). 
Provision of a nucleic acid encoding a human adenovirus receptor operably linked to such 
expression control sequences to recipient cells renders such cells susceptible to binding 
and entry of a human adenovirus. 

Specific cell lines which can be adapted to express a nucleic acid encoding a 
human adenovirus receptor (and, therefore, be susceptible to human adenovirus binding 
and entry) and used to produce an rAAV stock with minimal contamination from a helper 
human adenovirus include, inter alia, mouse A9, mouse L929, Chinese hamster ovary 
(CHO), all of which are cell lines known to those skilled in the art. 

The non-AAV helper virus that is required for rAAV vector production in the cell 
lines of the invention can be any non-AAV helper virus which provides expression of 
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genes encoding non-AAV vird proteim required in trans for AAV replication an^ 
packaging. The helper virus is capable of binding and entering the producer cell line, but 
cannot generate a productive infection. Such helper viruses, include, but are not limited 
to, adenovirus, herpes simplex viruses I and 11, vaccinia, cytomegalovirus and 
pseudorabies virus (Bems, K., "Parvoviridae: The Viruses and Their Replication" in 
Virologv. Fields et al., eds., Lippincott-Raven, New York 1996). Chimeric helper 
viruses, which supply the required proteins in trans from more than one helper virus or 
more than one viral serotype, are also within the scope of the invention. A producer cell 
line of the invention which is ad^ted for the binding and entry of a helper virus can be 
customized according to the invention by the selection of a receptor protein which 
specifically allows the entiy of the desired helper virus (e.g., adenovirus-CAR). 

Preferably, tiie helper virus is a human adenovirus which is used in a producer cell 
line that caimot support productive infection by such viruses. The adenovirus helper 
virus or adenoviral genes used to produce an rAAV vector stock can be derived from any 
adenoviral serotype, including, but not limited to, those from group C, preferably 
serotypes 2 and 5. Adaiovirus genes required for helper ftinction include, inter alia. El A, 
ElB, E2A, E40RF6, and VA RNA (Muzycka, N., Curr.Top.Micro.Immunol. 158:97- 
129, 1992). The adenovirus that can be used in rAAV vector production in the cell lines 
of the invention can be any wild-type or recombinant virus which provides expression of 
the adenovirus genes encoding proteins required in AAV repUcation. Alternatively, the 
adenovirus gaies encoding the proteins required for AAV replication can be provided to a 
cell line of the invention in any mutant or truncated adenovirus, or can be provided on a 
plasmid by naked DNA. 

Where the helper virus is a human adenovirus, non-human cell lines adapted as 
described above to bind the human adenoviruses by transfection witii a nucleic acid 
encoding the appropriate receptor can be assayed for recq)tor ftmction by the binding of 
radiolabelled human adenovirus, by using antibodies specific for the recq)tor which can 
be detected by standard signal detection, or by tiie ability of the transfected cells to bind 
the human adenovirus fiber protein, all of which are techniques known to those skilled in 
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the art Such techniques are also applicable to cells which have been adapted for the 
entry of other helper viruses, such as herpes simplex, etc. 

In a preferred embodiment of the invention, an adapted producer cell line of the 
invention comprises a nucleic acid encoding the rAAV vector (and transgene), as well as 
AAV helper genes stably integrated into its genome. Upon infection of the cell line with 
a helpCT virus, rAAV production occurs because the rAAV genome is rescued and 
packaged, but the helper virus does not generate a productive infection. This method 
requires only the infection of the adapted producer cell line by the helper virus to generate 
an rAAV stock. 

Alternatively, the nucleic acid encoding the rAAV vector sequences may be stably 
integrated into the producer cell genome and the AAV helper genes may be exogenously 
delivered to the cell, or the AAV helper genes may be stably integrated into the producer 
cell genome and the nucleic acid encoding the rAAV vector may be delivered 
exogenously to the cell. Further embodiments of the invention include the exogenous 
delivery of either the nucleic acid encoding the rAAV vector or the AAV helper genes in 
the form of a plasmid or by first inserting the vector and/or helper genes into a helper 
virus such as a recombinant adenovirus (containing a heterologous nucleic acid 
comprising the rAAV genome) or a herpesvirus and infecting the producer cell with such 
virus. 

The invention is also directed to a novel rAAV producer system comprising a 
producer cell line derived from monkey cells and a helper human adenovirus. The helper 
virus is able to bind to and enter the producer cells but is unable to generate a productive 
infection therein, resulting in de minimis contamination of the rAAV vector stock by the 
helper virus. This system takes advantage of the finding that human adenoviruses 
undergo abortive infection in monkey cells (Anderson et al., Proc. Natl. Acad. Sci. USA 
81:4034-4027, 1984; Ross et al., J. Virol. 66:3110-3117, 1992). However, the early 
genes of the helper adenovirus are expressed, thereby providing the essential adenoviral 
proteins required for rAAV production. The poor expression of adenoviral late genes in . 
cells of monkey origin depresses the yield of adenovirus progeny, as well as reducing the 
the number of adenovirus proteins in the cell lysate, thereby simplifying the subsequent 


wo 99/41399 


PCT/US99/03482 


-10- 

purification of the rAAV vectors. Preferred monkey cell lines for this production system 
include, but are not limited to, CV-1 , CV-C (Rice et aL, J. Virol. 49:35-49, 1984), Vero 
andBSC-1. 

Preferably, the monkey producer cell line comprises the AAV rep and cap genes 
5 under the control of native promoters (p5/rep and p40/cap) in order that the proteins 

encoded by these genes are directly provided by the producer cell. A schematic diagram 
of a construct containing the rep and c^ genes under the control of these promoters and 
which is used to create these producer cells is shown in Figure 2, 

The invention is further directed to a novel adenovims/rAAV hybrid vector which 

10 can be used to produce an rAAV vector stock. The hybrid vector suppUes all essential 
adenovirus coding sequences and further contains an rAAV genome comprising a 
transgene operably linked to expression control elements and flanked by the AAV ITR 
sequences. A replication-competent embodiment of such a vector can be constructed by 
incorporating a rAAV genome into a region of the adenovirus genome which is not 

1 5 essential for replication, such as the E3 region. Where it is desirable to create a 

replication-defective hybrid vector, such a vector may include a rAAV genome in a 
deletion witiiin, for example, the adenoviras El region. 

A representative adenovirus/rAAV hybrid vector of the invention is shown in 
Figure 3, from which several advantageous features of such a design may be seen. This 

20 vector contains various adenovirus genomic regions necessary for rAAV production, 
including ElA, ElB, E2A, VA RNA and E40RF6. Other embodiments of the 
adenovirus genome are possible, e.g., the inclusion of the wild-type E4 region in the 
vector, rather than just 0RF6. The rAAV vector genome comprising a transgene 
operably linked to expression control sequences is preferably inserted into a deletion in 

25 the E3 region of the adenovirus genome. The advantage of the hybrid vector is that it is 
replication competent, and can be manufactured at commercial scale by growth on A549 
or HeLa cells, for example. Furthermore, the hybrid vector can also undergo replication 
in the monkey producer cells of the system, providing additional copies of the rAAV 
vector genome contained in the vector. Where a hybrid vector contains only E4 ORF6, 

30 such a vector exhibits reduced synthesis of the adenovirus fiber protein, thereby fiirther 
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limiting production of viras progeny (Armentano et aL, Hum. Gene Ther. 6:1343-1353, 
1995). This hybrid vector can be used to deliver a variety of rAAV genomic designs, 
since, in this embodiment, the adenovirus contains a deletion in its E3 region from 
nucleotides 27,971 to 30,937 into which a vector genome comprising a trangene and 
associated control sequences can be inserted. 

A further preferred embodiment of the invention is a producer system comprising 
a monkey cell line comprising AAV helper genes and an adenovirus/rAAV hybrid vector. 
This combination is advantageous in that it requires only the infection of the producer 
cell by the hybrid vector in order to inititate rAAV production. A further advantage of 
this system is that the AAV genes in the producer cell are transcriptionally silent until 
infection of the cell by the helper adenovirus which causes transactivation of the AAV 
virus promoter, leading to AAV gene expression. 

Preferably, the AAV rep and cap genes provided by pIM45 or pSrepACMVcap 
(Vincent et al, J. Virol. 71:1897-1905, 1997) are integrated into the producer cell genome 
and an rAAV vector genome comprising a transgene operably linked to expression 
control sequences is cloned into the E3 region of an adenovirus genome comprising El, 
E2, aE3 and E4 or an adenovirus genome comprising El, E2, aE3 and E40RF6 
(Amientano et al.. Hum. Gene Ther. 6:1343-1353, 1995). The producer cell line is an 
adapted non-human cell line according to the invention (e.g., a rodent cell line comprising 
a nucleic acid encoding CAR) or can be a monkey cell line, especially CV-1 cells. 

In other aspects of the invention where monkey cell lines are used as producer cell 
lines, specific mutations can be intrduced into the human adenovirus used to create the 
hybrid adenovirus/rAAV vector such that it displays a phenotype that allows for the 
manipulation of groAvth efficiency of the adenovirus. For example, viruses containing 
mutations that confer temperature-sensitive production of the fiber protein can be used to 
produce rAAV at the restrictive temperature, such that the formation of adenovirus 
progeny is depressed, thereby leading to an enriched preparation of the rAAV vector 
stock. With the knowledge of the molecular and genetic maps of adenovirus serotypes 2 
and 5, the skilled artisan can introduce such mutations into an adenovirus/rAAV hybrid 
vector by standard cloning techniques, e.g. by site-directed mutagenesis. In a preferred 
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embodiment, the adenovirus used to create the hybrid vector is or is an 

adenovirus engineered to contain a specific mutation that confers a similar phenotype 
(Chee-Sheung et al., LViroL 42:932-950, 1982). 

Other hybrid vectors useful in monkey cell line production systems include, inter 
5 alia, a hybrid adenovirus/r AAV vector which is derived from adenoviral mutant Adte400 
containing a mutation in the adenovirus DNA binding protein that restricts the formation 
of virus progeny at the nonperaiissive temperature in CV-1 or HeLa cells (Rice et al., J. 
Virol. 49:35-49, 1984). Other temperature-sensitive admovirus mutants which depress 
viral yield useful in the present invention include, inter alia, a ts mutation in the fiber 

10 gene of adenovirus 5 (Chee-Sheung et al., J. Virol. 42:932-950, 1982; mutations in a 
non-structural protein, plOO, with the phenotype of reduced capsid assembly (Carstens et 
al., J. Gen. Virol. 37:453-474, 1997; Oosterom-Dragon et al., J. Virol. 40:491-500, 1981) 
and ts mutations in the Ilia gene of adenovirus 2, with the phenotype of defective late 
gene expression and detective virus packaging (Chroboczek et al.. Gene 49:157-160, 

15 1986). Where the hybrid vector is created from an adenovirus having a temperature- 
sensitive mutation, the entire rAAV production process is carried out at a nonpermissive 
temperature of 39.5 °C. 

The nucleic acid comprising the rAAV vector genome used in the production of 
rAAV vectors preferably contain the cis-acting invented terminal repeat elements (ITRs) 

20 and one or more nucleic acids of interest (transgenes) operably linked to expression 

control sequences. Such expression control sequence include promoters, enhancers, and 
polyadenylation elements. Viral or non-viral promoters can be operably linked to a 
transgene in a rAAV vector, including the CMV promoter or functional variants thereof, 
or a PGK promoter, or any other promoters known to be useful for the expression of a 

25 transgene. The expression control sequences may result in cell or tissue-specific 

expression or may be inducible by exogenous agents or stimuli, e.g., RU 486 or other 
small molecules capable of inducing gene expression. 

The rAAV vectors comprise a transgene. A transgene is identified as a nucleic 
acid which is exogenously provided to a cell by any method of gene transfer. Transgenes 

30 which can be delivered and expressed from an rAAV vector of the invention include, but 
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are not limited to, those encoding enzymes, blood derivatives, homiones, lymphokines 
such as the interlenkins and interferons, coagulants, growth factors, neurotransmitters, 
tumor suppressors, apoliproteins, antigens, and antibodies, and other biologically active 
proteins. Specific transgenes which may be encoded by the rAAV vectors include, but 
5 are not limited to, nucleic acids coding for cystic fibrosis transmembrane conductance 
regulator (CFTR), erythropoietin (EPO), P-glucocerebrosidase, a-galactosidase, tumor 
necrosis factor, p53, p21, factor VIU, factor IX, herpes simplex thymidine kinase and 
gancyclovir, retinoblastoma (Rb), and adenosine deaminase (ADA). Transgenes 
encoding antisense molecules or ribozymes are also within the scope of the invention. 

1 0 The rAAV vectors so constructed can be used for gene transfer of a transgene because 
they are capable of entering target cells, integrating their nucleic acids into the target cell 
genome, and stably expressing the transgene in such cells. 

In a preferred embodiment of the invention where the nucleic acid of a rAAV 
vector is stably integrated into a cell Une of the invention, such integration can be 

15 accomplished following the introduction of such sequences on a plasmid by, for example, 
transfection, lipofection or electroporation. Use of a plasmid containing a rAAV genome 
and a nucleic acid encoding a selectable marker allows for the identification of cells with 
stable integration of the rAAV genome. With adequate provision of AAV helper proteins 
and upon infection by a helper viras, such nucleic acid can be rescued &om the cellular 

20 genome for replication and packaging into rAAV vector particles. 

In one embodiment of the invention, the plasmid used to deUver an rAAV vector 
genome (t transgene) into a cell line for stable integration therein is pNTCBCMVPgal, a 
plasmid constructed by standard recombinant techniques in which a marko- transgene 
(lacZ encodng P-galactosidase) operably linked to a CMV promoter is flanked by AAV 

25 ITR sequences. This plasmid allows for quantitation of vector production in a cell line of 
the invention by hybridization to complementary nucleotide sequences in the rAAV 
vector genome or by detection of the produced marker protein (P-galactosidase) using X- 
gal staining. 

In addition to the rAAV vector nucleic acid provided to a producer cell line of the 
30 invention by exogenous delivery or by stable integration therein, production of rAAV 
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vectors requires the provision of AAV helper proteins that are required in trans for vector 
production. The AAV rep and cap genes can be supplied to a producer cell line in a 
plasmid or in a non-AAV helper virus. Helper plasmids contain the AAV rep and cap 
genes, operably linked to one or more regulatory elements which allow expression from 

5 the genes to generate the rep and cap proteins required for the production of rAAV 

vectors. The AAV genes can be expressed from their native viral promoters, or can be 
operably linked to heterologous promoters which increase expression, including, but not 
limited to, the CMV promoter or functional variants thereof. The rep and cap gaies can 
be expressed from separate regulatory elements which allow for selective optimization of 

10 the required levels of expression of the proteins. Where the rep gene is under the control 
of its native promoter, stable integration of this gene into a producer cell line reduces 
potential cytoxicity from constitutive production of the rep protein because the p5 
promoter requires the adenovirus El A protein for tranactivation, and this will occur only 
upon infection by the helper adenovirus in the initiation of a cycle of rAAV vector 

15 : production. 

Where AAV helper genes and their operably Unked regulatory elements are stably 
integrated into a cell line of the invention, such integration of the AAV helper genes can 
be accomplished by introduction of a plasmid comprising such genes into a cell line of 
the invention, using transfection or other methods of nucleic acid transfer known to those 

20 skilled in the art. The AAV helper plasmid preferably contains a selectable marker or 

reporter gene, which, upon expression, allows for identification of cells which contain the 
helper genes integrated into the genome of the producer cell line. Helper plasmids used 
for the creation of producer cell lines with stably integrated AAV helper genes are first be 
tested for their ability to support rAAV production in transient transfection experiments. 

25 A stable cell line for rAAV vector production has numerous advantages over the 

transient transfection method. First, the transfection methods are difficult to scale up to 
the amounts required for commercial manufacturing of rAAV vectors. Second, rodent 
and monkey cell lines, when used to produce rAAV vectors, have a low transfection 
efficiency. Thus, the ratio of rAAV vector to helper adenovirus using stable cell lines is 

30 far greater than that obtained in the transient method. 
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Preferred AAV helper plasmids which are used in any producer cell line of the 
invention to provide the AAV helper proteins include, inter alia, pIM45 (McCarty, D.M. 
et al., J.Virol. 65:2936-2945, 1991), containing the AAV rep and cap genes under control 
of the native p5 and p40 promoters, and p5repACMVcap (in Vincent et al., J. Virol. 
71 :1897-1905, 1997). Preferably, pSrepACMVcap is used to estabUsh the producer cell 
line. In plasmid p5repACMVcap, the rep gene is under the control of the native p5 
promoter, while the cap gene is operably linked to the cytomegalovirus (CMV) promoter 
for high level expression of the structural proteins. 

Where a rAAV vector genome and AAV helper genes are provided together on 
one plasmid to a producer cell Une, the plasmid is constructed to contain at least the 
minimal sequences for the rAAV vector (ITRs flanking a transgene of interest) and for 
the AAV helper (rep and cap genes under the control of desired regulatory elements), and 
further contains a selectable marker which allows the identification of stably transfected 
cells. An example of such a plasmid, pVH-16+neo (Figure 1) is used to transfect a 
producer cell line. The pVH-16-fneo plasmid contains a CMV-lacZ expression cassette 
flanked by the AAV inverted terminal repeats (the rAAV vector), and the AAV helper 
genes, including the cap gene operably linked to a CMV promoter and the rep gene 
operably linked to the p5 promoter. It further comprises the neomycin (neo) resistance 
gene operably linked to the SV40 promoter. The producer cell line is adapted to allow 
the binding and entry of a non-AAV helper virus, (e.g., human adenovims), which cannot 
generate a productive infection, but which provides the helper proteins reqmred in trans. 
Alternatively, the producer cell line is natively susceptible to entry by such helper virus, 
but cannot support a productive infection. Upon stable integration of the rAAV vector 
and AAV helper genes, carried by using pVH-16+neo into the producer cell genome, the 
producer cell line simply requires infection by the non-AAV helper vims in order for 
rAAV production to occur. The advantage of this production system is that it only 
requires infection by helper adenovirus to initiate rAAV production. 

The invention is also directed to methods for the production of rAAV vectors 
using the producer cell lines of the invention. In one preferred method, a producer cell 
line comprises and expresses a nucleic acid encoding a receptor for a non-AAV helper 
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vims, e.g. adenovirus, which can bind to and enter the cells but cannot generate a 
productive infection. The producer cell Une also comprises a rAAV vector genome and 
AAV helper genes stably integrated into its genome. Production of rAAV vectors 
requires, therefore, only the infection of the producer cell line with the helper virus. 
5 Upon such infection, the rAAV vector genome is excised, rephcated and encapsidated 

into viral particles which can be used in gene transfer. Preferably, such producer cells are 
infected with a non-AAV helper virus at a multiplicity of infection (MOI) from 5 to 100. 

Recovery of rAAV vectors is performed using cell lysates derived from the 
producer cells of the invention. The lysate can be fractionated using standard density 

10 gradient centrifugation, e.g., a CsCl gradient. Such gradient purification removes any 
contaminating non-AAV helper virus. Alternatively, any non-AAV helper vims can be 
removed by heat inactivation of the cell lysate. However, the producer cell lines, helper 
viruses, and methods of the invention result in the production of rAAV vector stocks that 
are essentially free of non-AAV helper vims. 

1 5 Alternatively, rAAV purification can be performed using chromatographic 

techniques, e^, as set forth in PCT Publication No. WO97/08298, incorporated herein by 
reference. 

Quantitation of rAAV vectors using the cell lines and methods of the invention 
can be measured by determination of virus yield. To determine viras jdeld, a standard 

20 AAV infectious center assay can be used to assay for production of infectious progeny. 
The vector sample to be tested is used to infect 293 cells, for example, that are also 
infected with helper adenovims and wild-type helper AAV. Following a period of 
incubation to allow for vector replication, the cells are recovered and lysed on filters, then 
hybridized to a nucleic acid that is known to hybridize to vector DNA. Positive 

25 hybridization identifies an infectious center. The titer ofthe starting material is 

determined by multipljdng the number of infectious centers by any dilution used in the 
preparation of test samples. Where the rAAV vector in production contains a reporter 
gene as the transgene, alternative methods for determining the rAAV vector titer can be 
used. For example, if the lacZ transgene is used, the infected cells can be stained for the 

30 production ofthe gene product, B-galactosidase, usmg X-gal staining. Titer is 
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detemiined, for example, by counting the blue-stained cells in a plate well. Other 
methods for determining rAAV vector production include electron microscopy of 
samples for viable capsids or immunofluorescence of infected cells using monoclonal 
antibodies against the AAV cjqjsid proteins. 
5 The titer of any contaminating helper virus can be obtained by an assay 

appropriate to the source of the helper virus; e.g., where adenovirus is used as a helper 

virus, any contamination can be quantitated by standard techniques, such as plaque 
formation in 293 or HeLa cells. 

The producer cell lines, helper adenoviruses and methods of the invention 

10 generate rAAV vector stocks that are essentially free of noh-AAV helper virus; 

preferably, such helper viruses are detected at less than one helper virus per 1 0'" rAAV 
vector particles. The reagents and methods of the invention have utility for the 
production of purified stocks of rAAV vectors which can be used for gene transfer in a 
wide variety of applications. 

15 The practice of the invention employs, unless otherwise indicated, conventional 

techniques of protein chemistry, molecular virology, microbiology, recombinant DNA 
technology, and pharmacology, which are within the skill of the art. Such techniques are 
explained fully in the literature. S'"' ". p , ^" P"^"^ Prntncols in Molecular Biology, 
Ausubel et al., eds., John Wiley & Sons, Inc., New York, 1995, and Remington's 

20 Pharmaceutical Sciences, 17th ed., Mack Publishing Co., Easton, PA, 1985. 

The invention is further illustrated by the following specific examples which are 
not intended in any way to limit the scope of the invention. 

EXAMPLE 1 : Transient transfection packaging of AAV in rodent cells expressing a 
nucleic acid encodiiig CAR 
25 To confirm the activity of the helper plasmid constructs to be used in constructing 

stable cell lines, a transient transfection packaging experiment was carried out on 293 
ceUs (a positive control), mouse A9-T14 cells (single copy of CAR gene), mouse A9- 
2498.1 and A9-2498.6 ceUs (each with multiple copies of a BAC clone encoding the 
CAR gene), and mouse A9-MamlR+ or A9-Mam2R+ cells (lacking the CAR gene). The 
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AAVvectorpla.midwaspNTC3CMVPg.l(l-5>'8"0'«lls),theAAVhdperplasm.d 
was pSrepACMVcap (15 ug/lC c.Us) «Ki wild-type helper adenovirus w« used .1 5.6 
lU/lC eeUs The cells are iitfeeted with adenovirus one hour before t.««fectio« of the 
plasnudsbyoaloiur»-phospha.e-mediatedtra„sfecUon,wUchisappHedtothecellsforan 

additional 4 hours. 

The transfected/infeeted cells were incubated for 2 days at 37°C. Ate 
incubation, the cells were harvested ^d then lys«i by three (3) iieering and thawirrg 
cycles in the presence of ben^nase (American Intemational Chemical). 1% deoxycholate 
and 0 25% trypsin was then added to the lysate, followed by incubation for 30 mm at 
37«C The ceU lysate (2 roUer bottles/gradient) was then appUed to a CsCl step gradient 
(1 5g/ml-1.36g/ml)inaSW28rotorandcent.ifugedat26Kfor6hou.sat4X. Fractions 

were obtained and then fimher purified on two equUibrium gradients, using a NVT65 
,»tor, and centri&ged at 60K for 20 hours at 4«C. Fractions ftom the e<piilibnum 
gradients were screened on a teft«tometer and pooled. Pooled fractions were dialy«d m 
PBS with 1% sucrose 3 times for 2 hours at 4''C. 

The efficiency of a helper ptasmid as a source of proteins required in trans was 
determined from the yield of AAV vector stock. To determine virus yield, an AAV 
infectious center assay was used, which shows whether infectious AAV progeny are 
produced m the production protocol. The recombinant AAV vectors were ^covered after 
production using the purification protocol described above. 

The assay was perfomied with 293 eeUs that were plated on day one at a density of 
IxlC cells per well in 0.1 ml/well in DME medium supplemented with 10% FBS. 
poniciUin/stieptomycin, andglutamine. After about 24 hours, me cells were infected with 
adenovirus at anMOIof20 and with wild-type AAVat an MOIof2.T1,e viruses were 
suspendedma,esamemediumand0.1ml was addedto each well to initio, infection. 

The AAV vector samples were added to the well (25-100 microHtm of lysate or 
dilutions) and die ptates were incubated for 24-30 hours at 37°C. On the day after 
infection, the medium was care&lly removed from die cells. Cells were then fixed and 
subjected to X-gal straining and Uie number of blue cells were recorded. 
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The results shown in Table 1 demonstrate that mouse cells expressing a nucleic 
acid encoding CAR function as an efficient producer cell for rAAV vector when provided 
with the appropriate AAV and adenovirus helper functions. Importantly, &om the A9- 
2498.1 and A9-2498.6 cells, the ratio of AAV vector yield to contaminating Ad virus 
yield was 280, while in 293 cells the ratio was approximately 0.03. This increase in the 
ratio of AAV vector to adenovirus greatly simpUfies the subsequent purification of AAV 
vector fix)m contaminating adenovirus. 
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TABLEl 

Ad titer 

Cell line 
(+) control 
5 T14 (single copy of CAR) 

2498 . 1 (BAG clone of CAR-multiple copies) 
2498.6 (BAC clone of CAR-multiple copies) 
MamlR+ (empty vector) 
Mam2R+(empty vector) 

10 AAV Titer 


Cell line lOSL 

(+) control 1.0x10' 

T14 3.1 X 10' 

2498.1 2.7x10" 

15 2498.6 1.1x10* 

MamlR+ 3.0 xlO** 

Mam2R+ 2.8x10' 


3.4 X 10'» 
5.3x10* 
5.6 X 10* 
7.9 X 10' 
3.1 X 10* 
3.8 X 10* 


20 


EXAMPLE 2: Establishment of stable rAAV producer cell lines 

To make a stable rodent cell line for rAAV production, the plasmids pIM45/neo or 
p5repdeltaCMVcap/neo which provide AAV helper functions and a selectable marker for 
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clone selection are introduced into A9-2498.1 and A9-2498.6 cells. Cells are plated out at 
2.5 X 10^ cell per 10 cm dish. The next day the plasmid construct is introduced into cells 
using calcium-phosphate-mediated transfection. The following day, each dish is split into 
5 10-cm dishes and on the subsequent day, selective media containing G418 (between 100 
5 to 500 ^ig/ml) is applied. Clones appear from 10 to 14 days later, when they are picked 
into 96 well dishes and allowed to grow to near confluency . 

Cells are split into a 96 well plate for maintaining the clones and another 96 well 
plate for screening for rAAV production. For screening, the cells are transfected with 
pNTCSCMVpgal and infected with adenovirus at an MOT of 20. 48 hours later the plate 
10 is freeze-thawed 4 times to release rAAV vectors. Production of rAAV vector is 
measured by determining the titer of the lysate as described above in Example 1 . 

EXAMPLE 3. A repUcationrdefective Ad/AAV hybrid for AAV manufacturing. 

Using standard molecular mettiods, the rAAV vector gaiome is inserted into the 

15 El region of Ad2, between nucleotide positions 358 and 3328. To ensure adequate space 
for the ArAV genome, the E4 region of the vector is modified by deletion of all E4 
sequences (deletion between nucleotides 32802195 to 35577) and insertion of the 0RF6 
coding sequence (nucleotides 33195 to 34077) (Armentano et al 1995, Human Gene 
Therapy, vol 6, 1343-1353). The Ad/rAAV vector is otherwise wild-type in sequence. 

20 The AAV vector genome consists of the AAV left and right ITRs (145 to 1 73 base pairs 
in length), the CMV promoter operably linked to the transgene (e.g., E. coli beta- 
galactosidase for reporter applications, EPO transgene) (Figure 3). Packaging of rAAV 
vectors is accomplished by infection of the stable producer cell line of Example 2 with the 
rq)lication-defective Ad/AAV hybrid and a wild-type Ad virus (to provide El functions). 

25 Between 48 and 96 hours post infection, cells are lysed to release packaged AAV vector 
and purified away &om contaminating products such as the small amounts of Ad virus 
produced and cellular proteins. 
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EXAMPLE 4. Construction of a replication-competent Ad/AAV hybrid for AAV 
manufacturing 

Using standard molecular methods, the AAV vector genome is inserted into the E3 
region of Ad2, between nucleotide positions 27,971 and 30,937. To ensure adequate 
space for the AAV genome, the E4 region of the vector is modified by deletion of all E4 
sequences (deletion between nucleotides 32802 and 35577) and insertion of the 0RF6 
coding sequence (nucleotides 33195 to 34077) (Armentano et al 1995, Human Gene 
Therapy, vol 6, 1343-1353). The Ad/AAV vector is otherwise wild-type in sequence. 
The AAV vector genome consists of the AAV left and right ITRs (145 to 173 base pairs 
in length), the CMV promoter operably linked to the transgene (e.g., E. coli beta- 
galactosidase for reporter ^plications, EPO transgene) (Figure 4). Packaging of AAV 
vector is accomplished by infection of the stable producer cell line of Example 2 with flie 
replication-competent Ad/AAV hybrid. Between 48 and 96 hours post infection, cells are 
lysed to release packaged AAV vector and purified aWay fix)m contaminating products 
such as the small amounts of Ad virus produced and cellular proteins. 
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Claims 

1 1 . A system for high level production of recombinant adeno-associated viral (rAAV) 

2 vectors comprising a producer cell line and a helper adenovirus wherein the 

3 adenovirus is unable to generate a productive infection in the producer cell line. 

1 2. A non-human producer cell line for recombinant AAV (rAAV) vector production 

2 comprising a stably integrated nucleic acid encoding a receptor for a helper human 

3 adenovirus, wherein the adenovirus is unable to generate a productive infection in 

4 the producer cell line. 

1 3. The cell line of Claim 2, in which the nucleic acid encodes a cocksackie and 

2 adenovirus receptor (CAR). 

1 4. The cell line of Claim 2, further comprising a nucleic acid which encodes AAV 

2 rep and cap proteins operably linked to expression control elements. 

1 5. The cell line of Claim 4, further comprising an rAAV vector genome, wherein said 

2 AAV genome comprises AAV ITR sequences and a transgene operably linked to 

3 expression control sequences. 

1 6. A method for rAAV production, comprising infecting a non-human producer cell 

2 line comprising a nucleic acid encoding CAR and further comprising a nucleic 

3 acid encoding AAV rep and cap proteins and an rAAV vector genome, wherein 

4 said AAV genome comprises AAV ITR sequences and a transgene operably 

5 linked to expression control sequences, with a helper human adenovirus that is 

6 unable to generate a productive infection in the producer cell line, and isolating the 

7 rAAV vectors produced in said cell line. 

1 7. A method for rAAV production, comprising; 
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1 a) infecting a non-human producer cell line comprising a nucleic acid encoding 

2 CAR and further comprising a nucleic acid encoding AAV rep and cap proteins with a 

3 helper human adenovirus that is unable to produce a productive infection in the producer 

4 cell line; 

5 b) transfecting said cell line with a nucleic acid comprising an rAAV genome 

6 wherein said AAV genome comprises AAV ITR sequences and a transgene operably 

7 linked to expression control sequences, and; 

8 c) isolating the rAAV vectors produced in said cell Une. 

1 8. A monkey cell line according to Claim 2, further comprising a nucleic acid 

2 encoding the AAV rep and cap proteins operably linked to expression control 

3 sequences. 

1 9. The producer cell hne of Claim 8, which is derived from CV-1 cells. 

1 10. The producer cell line of Claim 8, further comprising an rAAV genome, wherem 

2 said AAV genome comprises AAV ITR sequences and a transgene operably 

3 linked to expression control sequences. 

1 11. A method for rAAV vector production comprising; 

2 a) infecting a monkey cell line comprising a stably integrated nucleic acid 

3 encoding a receptor for human adenovuiis with a helper human adenovirus that is unable 

4 to produce a productive infection in the cell line; 

5 b) transfecting said cell Une with an rAAV genome, wherein said AAV 

6 genome comprises AAV ITR sequences and a transgene operably linked to expression 

7 control sequences; 

8 c) further transfecting said cell line with a nucleic acid encoding AAV rep 

9 and cap proteins; and 

10 d) isolating the rAAV vectors produced in said cell. 
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1 12. A method for rAAV vector production, comprising; 

2 a) infecting CV-1 cells comprising a stably integrated nucleic acid encoding a 

3 receptor for human adenovirus with a helper human adenovirus that is unable to produce a 

4 productive ifection in the cell line; 

5 b) transfecting said cells with an rAAV genome, wherein said AAV genome 

6 comprises AAV ITR sequences and a transgene operably linked to expression control 

7 sequences; 

8 c) further transfecting said cell Une wife a nucleic acid encoding AAV rep 

9 and cap proteins; and 

10 d) isolating the rAAV vectors produced in said cells. 

1 13. A method for rAAV vector production, comprising; 

2 a) infecting a monkey cell line comprising a stably integrated nucleic acid 

3 encodmg a receptor for human adenovmis with a helper human adenovirus that is unable 

4 to produce a productive infection in the cell line and a stably integrated rAAV genome, 

5 wherein said AAV genome comprises AAV ITR sequences and a transgene operably 

6 linked to expression control sequences; 

7 b) transfecting said cell line with a nucleic acid encoding AAV rep and cap 

8 proteins; and 

9 c) isolating the rAAV vectors produced in said cell line. 

1 14. The method of Claim 1 1 , in which the helper adenovirus is a temperature-sensitive 

2 mutant adenovirus. 

1 15. The method of Claim 12, in which the helper adenovirus is a temperature-sensitive 

2 mutant adenovirus. 

1 16. The method of Claim 13, in which the helper adenovirus is a temperature-sensitive 

2 mutant adenovirus. 
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1 1 7. A helper human adenovirus comprising an adenovirus genome having a deletion 

2 in the E3 region thereof and additionally comprising an rAAV vector genome, 

3 wherein said AAV genome comprises AAV ITR sequences and a transgene 

4 operably linked to expression control sequences, inserted into said E3 deletion in 

5 the adenovirus genome. 

1 18. The helper adenovirus of Claim 17, in which the adenovirus is a temperature- 

2 sensitive mutant adenovirus. 

1 19. A method for rAAV production comprising; 

2 a) infecting a monkey cell line comprising a nucleic acid encoding AAV rep 

3 and cap proteins and operably linked expression control elements with a helper 

4 adenoviras comprising an adenoviras genome having a deletion in the E3 region thereof 

5 and additionally comprising an rAAV vector genome inserted into said E3 deletion in the 

6 adenovirus genome, wherein said AAV genome comprises AAV ITR sequences and a 

7 transgene operably linked to expression control sequences; and 

8 b) isolating the rAAV vectors produced in said cell line. 

1 20. The method according to Claim 19, wherein the helper adenovirus is a 
temperature-sensitive mutant adenovirus. 
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